The use of Metal-Enhanced Fluorescence (MEF) phenomenon in fluorescence-based bioassays affords for increased sensitivity to be realized by incorporating metal nanoparticles onto planar surfaces. The close-range interactions of metal-fluorophores result in increased fluorescence emission from the bioassays, which in turn affords for the detection of target biomolecules at lower concentrations. Moreover, the use of silver nanoparticles increases the photostability of fluorophores improving the detectability of fluorescence emission under prolonged use of excitation light. Although numerous reports on MEF-based biosensing applications exist, the contribution of protein coverage on Silver Island Films (SIFs) on the increased fluorescence emission was never investigated. This work presents our findings on the quantitative comparison of protein surface coverage on SIFs and blank glass slides. In this regard, identical protein bioassay for a model protein (biotinylated bovine serum albumin, b-BSA) on these surfaces is constructed and the relative extent of protein surface coverage on SIFs and blank glass slides was determined using radio-labeled biomolecules. It was found that the total scintillation counts on SIFs and blank glass slides were similar for BSA concentrations ranging from 1 μM to 1 pM, which implies that increased fluorescence in MEF-based biosensing applications is only due to metal-fluorophore interactions.
Introduction
Metal-Enhanced Fluorescence (MEF) is a phenomenon, which describes the close-range interactions between plasmon resonant metal particles and fluorophores. The metal-fluorophore interactions result in 1) non-radiative transfer of energy from the excited state of the fluorophores to surface plasmons of the metal nanoparticles (this energy is re-radiated as fluorescence emission at the same wavelength by the nanoparticles into the free-space), 2) in enhanced absorption of light by fluorophores due to the increased electric fields between and around the metal nanoparticles, and 3) improved photostability of fluorophores. The size and type of the metal nanoparticles and the wavelength of emission of fluorophores are the main factors affecting the efficiency of the metal particle-fluorophore interactions. It is well-known that the extinction spectrum for metal nanoparticles < 40 nm and > 40 nm in size is dominated by absorption and scattering, respectively [1] . Since MEF phenomenon is related to absorption and scattering components of the metal nanoparticles,
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Article while metal nanoparticles < 40 nm in size were shown to quench fluorescence [2] , enhanced fluorescence emission is observed when metal nanoparticles > 40 nm in size are used [3, 4] . In addition, the most efficient non-radiative energy transfer from the fluorophores at their excited states to surface plasmons occur when the wavelength of fluorescence emission and surface resonance peak of metal nanoparticles overlap [2] .
The benefits of MEF phenomenon described above lend itself to the incorporation of metal nanoparticles into fluorescence-based biosensing applications, such as immunoassays [5] and fluorescence in-situ hybridization assays [6] . In the current fluorescence-based biosensing applications, typically fluorophores with high-quantum yields are employed to increase the sensitivity of the bioassays, which results in high background emission and poor fluorophore photostability. The use of metal nanoparticles (such as silver [7] , gold [8] , copper [9] , aluminum [10] ) in these applications afford for the use of low-quantum yield fluorophores, which can withstand the prolonged exposure to excitation light for multiple measurements to be done. In this regard, numerous reports on MEF-based biosensing applications can be found in literature [11] [12] [13] [14] [15] .
During the peer-review of manuscripts and scientific presentations related to MEF phenomenon and MEFbased biosensing applications, the question "How does the surface coverage of fluorophores (in fundamental MEF studies) or proteins (in MEF-based biosensing applications) on Silver Island Films (SIFs) and blank glass slides compare?" is always asked. This question arises from the fact that metal nanoparticles have 3-D structure as compared to 2-D structure of the planar surfaces such as glass slides. Subsequently, one has to consider whether the deposition of silver nanoparticles on planar slides change the surface area available for fluorophore or protein binding. Since the fluorescence emission from SIFs is significantly larger than those from blank glass slides, the contribution of fluorophore / protein coverage to the increased fluorescence emission has to be determined for accurate evaluation of metal nanoparticle-deposited surfaces for MEF applications. Despite the presence of numerous publications on MEF phenomenon [16] [17] [18] and MEF-based applications [15, 19, 20] , the quantitative comparison of fluorophore or protein surface coverage on SIFs and blank glass slides was never investigated.
In this work, we present the results of our investigation of protein coverage on SIFs and blank glass slides. To quantitatively compare the protein coverage on these surfaces, identical protein bioassay for a model protein (biotinylated bovine serum albumin, b-BSA) is constructed, similar to the MEF-based bioassays previously reported [21] . The quantitative comparison of protein coverage can only be made with labeling molecules that do not interact with silver nanoparticles. In this regard, a radio-labeled detector biomolecule (radio-labeled-biotinylated oligonucleotide) is employed instead of a typical fluorophore-labeled biomolecule used in MEF-based bioassays. Optical absorption spectroscopy and scanning electron microscopy techniques were employed to characterize SIFs. After the construction of the bioassay on SIFs and blank glass slides, the total scintillation counts from both surfaces were measured and compared. It was found that the total scintillation counts on SIFs and glass slides were similar for b-BSA concentrations ranging from 1 μM to 1 pM. These observations imply that the increased fluorescence emission from SIFs (and surfaces with other metal nanoparticles) in MEF-based biosensing applications is due to the metal-fluorophore interactions without any contribution from changes in protein surface coverage. These results also apply to low affinity biological interactions, such as antigen-antibody interactions used in immunoassays. 
Materials and methods
Materials. 3'-biotin Controlled Pore Glass columns, phosphoramidites with labile pheoxyacetyl (PAC) protecting groups and appropriate reagents for solid phase synthesis of DNA were purchased from ChemGenes or Glen Research. Silver nitrate (>%99), D-glucose, ammonium hydroxide, sodium hydroxide, biotinamidocaproyl-labeled bovine serum albumin (b-BSA), BSA, avidin, Silane-prep glass microscope slides were purchased from Sigma-Aldrich Chemical Co. (Milwaukee, WI).
Nucleic acid synthesis and preparation. Solid phase oligonucleotide synthesis was performed on a MerMade 4 instrument (Bioautomation). Synthesis and deprotection of 3'-biotinylated-T5 (5'-TTTTT-biotin-3') was conducted using standard protocols for PAC protected amidites as recommended by the manufacturer. 5'-end radiolabeling was conducted with T4 PNK using γ-32P ATP using standard protocols. Radiolabeled 3'-biotinylated-T5 (5'-[32P]-TTTTT-biotin-3') was purified by electrophoresis on 8M urea polyacrylamide gels. The DNA band was excised and eluted overnight at 4˚C in 10 mM Tris-0.1 mM EDTA buffer (pH 7.5) and desalted on a Waters C18 Sep-Pak column.
Deposition of Silver Island Films (SIFs). SIFs were deposited onto silanized glass slides using Tollen's reaction scheme. In this regard, first a solution of silver nitrate (0.5 g in 60 ml of deionized water) was placed in a clean 100-ml glass beaker. While stirring at the quickest speed (on a Corning Heater/Stirrer), 200 μL of freshly prepared 5 % (w/v) sodium hydroxide solution is added, which results in the formation of dark brown precipitates of silver particles. The precipitates were redissolved by 2 ml ammonium hydroxide. The resultant clear solution is cooled down to 5°C by placing the beaker in an ice bath, followed by soaking the silanized glass slides in the solution. After 2 min, a fresh solution of D-glucose (0.72 g in 15 ml of water) is added. Subsequently, the temperature of the mixture is then warmed to 30°C. As the color of the mixture turns from "yellow-green" to "yellow-brown" and the color of the slides become green (in 2 min), the slides are removed from the mixture. SIFs were washed with water and sonicated for 30 seconds at room temperature. SIFs were then rinsed with deionized (DI) water several times and air-dried. A cross-section (12x40 mm2) of the blank glass slides and SIFs were cut and kept in DI water until further use. All glassware used was treated with "piranha solution" (3:7 v/v; 30% hydrogen peroxide/concentrated sulfuric acid: CAUTION! piranha solution reacts violently with most organic materials and should be handled with extreme care) and rinsed with deionized water at least three times before use.
Construction of model protein assay on SIFs and blank glass slides. In order to quantitatively compare the protein surface coverage on SIFs and blank glass slides, identical bioassay for a model protein (b-BSA) was constructed on SIFs and blank glass slides (without silver nanoparticles). Figure 1 shows the schematic depiction of the bioassay for model protein b-BSA. In the first step, a solution of b-BSA with a range of bulk concentrations (1 μM to 1 pM) was incubated on SIFs and blank glass slides at room temperature for 20 min. Unbound b-BSA was removed by rinsing the surfaces with deionized water several times. The surfaces were then treated with 5% (w/v) BSA for 20 min to reduce the non-specific binding of avidin. Unbound BSA was removed by rinsing the surfaces with deionized water several times. In the next step, a 1 mg/ml solution of avidin was incubated on the surfaces for 20 min. Unbound avidin was removed by rinsing the surfaces with deionized water several times. Subsequently, the surfaces were coated with 100 μL of a 1 μM solution of 3'-biotinylated-T5 (~0.015% 5'-32P labeled) in autoclaved, deionized (18.2 MΩ) water with a 1.65 mL pipette tip. Samples were kept at room temperature for 20 min to allow for biotin binding prior to rinsing. The glass slides were washed three times with 1 mL aliquots of water. The glass slides were placed on liquid scintillation vials to which ~5 ml of scintillation solution was added. Scintillation measurements were conducted on a LS 6500 Beckman Coulter liquid scintillation counter in triplicate. Each sample slide was done in duplicate.
Scanning Electron Microscope (SEM) images of SIFs were obtained at the Core Imaging Facility of the University of Maryland Dental School. Real-color photographs of SIFs and blank glass slides were taken using a 5 mega-pixel digital camera.
Results and discussions
SIFs are routinely used in MEF-based biosensing applications [15, 19, 20] . In this regard, the homogeneous deposition of SIFs onto planar substrates is crucial for quantitative determination of target biomolecules. Glass microscope slides are the main choice in the preparation of SIFs due to their amenability to surface modification procedures (e.g. silanization). Typically, amine-terminated silanes are employed in the silanization of glass slides based on the affinity of silver nanoparticles towards amine groups [21] . Subsequently, in this work, SIFs are deposited onto silanized glass slides presenting amine groups. Figure 2 -Left shows the average absorption spectra of 10 different SIFs. The surface plasmon resonance (SPR) peak for SIFs appears at 440, which is consistent with the literature [7] . The coefficient of variance for absorbance is calculated to be around 2 % for SIFs, demonstrating the homogeneous nature of the deposition procedure in our hands. Figure  1 -Left-Inset shows a real-color photograph of SIFs and blank glass slides. After the deposition of SIFs, the color glass slides were changed to the color of SIFs (green-brown). Moreover, SIFs visually appears homogeneous, which is consistent with the absorption spectrum of SIFs. This observation is also corroborated by SEM image (Figure 2-Right) , which show the SIFs are deposited in a homogeneous manner. The SEM image in Figure 2 -Right also reveals that the size of the silver nanoparticles is ~150 nm. The choice of the size of silver nanoparticles is based on the previous observations on MEF where the use of larger metal nanoparticles is recommended for MEF-based applications [22, 23] . It is important to further comment on the size of SIFs in regards to MEF-based applications. It is well known that the size of silver nanoparticles significantly affect the fluorescence emission and lifetimes of fluorophores in close proximity (<10 nm) [7] . MEF is observed when fluorophores in close proximity to silver nanoparticles partially transfer their excited states energies (via non-radiative energy transfer) to the surface plasmons of silver nanoparticles [7] . The energy transferred (coupled) to silver nanoparticles is absorbed and/or scattered by the silver nanoparticles, depending on the size and distance between the silver nanoparticles. For example, the use of silver nanoparticles with size < 40 nm does not result in decrease in emission due to the strong absorption of light by silver nanoparticles [22] . As the size of the silver nanoparticles is increased the scattering component of the extinction spectrum dominates, which results in enhanced emission from the "fluorophore-silver nanoparticle system" [7] . In addition, the change in the lifetime of fluorophores depends on the extent of the absorption component of the extinction spectrum of metal nanoparticles. Since the absorbed energy by metal nanoparticles (<40 nm in size) is converted to heat (energy loss) faster than it can be emitted back to free-space, the lifetime of the fluorophore is decreased (i.e. quenching) [2] . It is also important to note that when the scattering component of the extinction is significantly larger than the absorption component (for silver nanoparticles >100 nm), one can observe only increased emission without any change in lifetime of the fluorophores [24] . This can be explained by the re-emission of the coupled energy back to freespace without the energy losses [24] .
Since the main objective of the present study is the quantitative comparison of the protein surface coverage on SIFs and blank glass slides used in MEF-based biosensing applications, a model protein (b-BSA) bioassay was constructed on these surfaces as shown in Figure 1 . It is important to note that the only difference between the bioassay used in this study and those constructed for MEF-based bioassays is the type of label used for the detector biomolecule (avidin). That is, in this study a radio-labeled detector biomolecule (radio-labeledbiotinylated oligonucleotide) is used instead of a fluorophore [7] . Figure 3 shows the relative total scintillation count (in arbitrary units) measured from the identical bioassay for b-BSA constructed on SIFs and blank glass slides. As expected, the scintillation count from both surfaces is the largest for the largest concentration of b-BSA (1 μM) used. As the concentration of b-BSA is decreased from 1 μM to 1 nM the total scintillation count is decreased and leveled off below 0.1 nM. In addition, a control experiment (No b-BSA), where b-BSA is omitted from the surface is also carried out to determine the non-specific binding of detector biomolecule. The total scintillation counts from the control experiment run on both SIFs and blank glass slides are well below those measured from the lowest concentration of b-BSA (1 pM) in the bioassay. These results imply that the lower detection limit of b-BSA concentration is 0.1 nM using a radio-labeled detector biomolecules. Similar lower-detection limits using fluorescence-based detection were also reported [20] . However, most research groups employ fluorescence-based detection over radio-labeled based detection due to the availability of wide-range of fluorescence instruments and the relative simplicity of fluorescence measurements.
It is important to further comment on the implications of the total scintillation counts measured from a protein bioassay constructed on SIFs and blank glass slides on MEF-based biosensing applications. As can be seen from Figure 3 , the total scintillation counts for all concentrations of b-BSA are similar on SIFs and blank glass slides. That is, the extent of protein coverage on SIFs and blank glass slides are similar. To the best of our knowledge, this observation is made for the first time and provides a direct proof for the benefits of MEF phenomenon in biosensing applications. The incorporation of silver nanoparticles into bioassays run on planar surfaces does not increase the surface coverage of proteins and the observed increase in fluorescence-emission and improved photostability of fluorophores is indeed due to MEF phenomenon.
It is also important to comment on the implications of these results on low affinity biological interactions, such as antigen-antibody interactions used in immunoassays. SIFs were used in direct immunoassays [25] , where the target protein is allowed to attach to the surfaces first, similar to b-BSA in this study. The target protein attaches to the silver nanoparticles through their primary amine groups. In sandwich-type immunoassays, other proteins such as protein A (or G) is used to anchor the capture antibody to the assay surface. Protein A (or G) attaches to the surfaces (SIFs [26] and glass slides [26] ) through their primary amine groups. Subsequently, the observations made in this study directly apply to immunoassays.
Conclusions
In this work, we investigated the quantitative comparison of protein surface coverage on SIFs and blank glass slides employed in MEF-based bioassays. In this regard, SIFs were deposited onto amine-functionalized glass slides using Tollen's reaction scheme. Optical absorption spectroscopy and scanning electron microscopy revealed that SIFs were deposited onto glass slides in a homogeneous manner. SIFs displayed a surface plasmon resonance peak at 440 nm and the size of the silver nanoparticles was ~150 nm. To assess and compare the proteins surface coverage on SIFs and blank slides, identical protein assay for a model protein (b-BSA) was constructed on these surfaces. The concentration of b-BSA in solution was varied between 1 μM to 1 pM. The detection of b-BSA on surfaces was carried out using avidin and biotinylated-radio-labeledoligonucleotide. The total scintillation counts from the bioassays constructed on SIFs and blank glass slides were similar, which implied that the protein surface coverage on these surfaces were similar. Subsequently, it is concluded that the observed increase in fluorescence-emission and improved photostability of fluorophores in MEF-based biosensing applications is not as a result of differences in protein coverage but indeed is due to metal-fluorophore interactions.
